Conclusions:
Rosiglitazone may delay the onset of PDR, possibly because of its antiangiogenic activity. Future clinical investigations should consider analysis of this potential benefit along with ongoing evaluation of potential cardiac risk in studies where the risk-benefit profiles are deemed appropriate.
Arch Ophthalmol. 2008; 126(6) : [793] [794] [795] [796] [797] [798] [799] P ROLIFERATIVE DIABETIC RETInopathy (PDR), the most common cause of severe visual loss among working age Americans, 1 is thought to arise as a result of diabetes-induced retinal microvascular dysfunction, leading to decreased retinal perfusion, hypoxia, and subsequent induction of angiogenic factors, such as vascular endothelial growth factor. 2, 3 These growth factors induce pathologic retinal neovascularization and increased retinal vascular permeability. 4 Current definitively proven therapies to delay retinopathy progression and prevent vision loss-such as intensive blood glucose level and blood pressure control as well as laser photocoagulation, [5] [6] [7] [8] [9] -have drawbacks, including frequent inability to achieve optimal targets and symptoms associated with retinal tissue destruction, respectively. [9] [10] [11] Promising retina-sparing antivascular endothelial growth factor agents currently under investigation, such as bevacizumab (Avastin; Genentech, South San Francisco, California), ranibizumab (Lucentis; Genentech), and pegaptanib sodium (Macugen; OSI Eyetech, Melville, New York) require intravitreal administration every 4 to 6 weeks. 12, 13 Rosiglitazone maleate (Avandia; GlaxoSmithKline, Research Triangle Park, North Carolina) is an orally administered medication used to improve glycemic control in patients with diabetes mellitus.
14 This medication activates the peroxisomeproliferating activated receptor ␥ (PPAR-␥) and leads to insulin sensitization in adipose and other tissues. [14] [15] [16] [17] Rosiglitazone has recently been demonstrated to have antiangiogenic properties in vitro 18 and in animal models. 19, 20 However, its effect on preventing angiogenesis in humans has not been previously reported. Because the antiangiogenic properties of rosiglitazone are evident in vitro at concentrations as low as 0.1µM, 21 and because serum concentrations of rosiglitazone exceed 0.2µM when administered to healthy men at the lowest prescribed dosage of 2 mg twice a day, 22 we investigated whether patients receiving rosiglitazone had delayed onset of PDR compared with patients who were not treated with a glitazone drug.
METHODS
The study was initiated in 2003 and approved by the Joslin Diabetes Center Institutional Review Board. Patients fulfilled the following criteria: prescribed rosiglitazone by May 31, 2003 , received care at both the Joslin and its affiliated Beetham Eye Institute (BEI), and at least 1 ophthalmic examination at the BEI between May 1, 2002, and May 31, 2003 . A control group matched for baseline characteristics and follow-up duration was identified after systemic data from the treatment group were collected. Other selection criteria were the same as for the treatment group, except that control patients had no history of receiving prescriptions for rosiglitazone, pioglitazone hydrochloride, or troglitazone. Data were collected using standardized forms from the Joslin medical records. Systemic data included demographic information, factors affecting progression of diabetic retinopathy (DR) or angiogenesis, and adverse effects associated with rosiglitazone. For this study, type 1 diabetes mellitus was defined as diagnosis of diabetes before age 30 years, whereas type 2 diabetes mellitus was defined as diagnosis at 30 years or older.
Ophthalmic data included visual acuity, clinical DR severity and diabetic macular edema (DME) severity, and treatment of DR and DME. All visual acuity measurements were bestcorrected and conducted on Early Treatment Diabetic Retinopathy Study (ETDRS) visual acuity charts. Severity of DR and DME were graded by all ophthalmologists at the BEI according to ETDRS clinical guidelines. Individual ophthalmologists were unaware that a particular patient was included in the study at the time of evaluation. Previous studies had shown that the consistency of BEI ophthalmologist grading of DR was comparable to the interreader results of the ETDRS study and to masked evaluation of ETDRS standardized photographs. 23 Clinical photographs, when available, were used to confirm clinical DR grading.
STUDY OUTCOMES
The primary study end point was the development of PDR in patients with nonproliferative diabetic retinopathy (NPDR) at baseline. Secondary end points included 3 or more lines worsening of visual acuity on the ETDRS chart (moderate visual loss), evidence of PDR progression in patients with PDR at baseline, and the development of clinically significant macular edema (CSME) in patients with no history of macular edema at baseline.
STATISTICAL ANALYSIS
Comparisons of means between the rosiglitazone and control groups were performed using a 2-sample t test for populations with normal distribution. Categorical data expressed in percentages were compared using a 2 test. When the expected frequencies were excessively small, Fisher exact tests were performed. Analysis of ophthalmic data excluded information from patients who underwent only 1 ophthalmic evaluation during the study period. Survival analysis using the Kaplan-Meier method was used to compare data on cumulative rates with various follow-up times and eyes as a unit. Differences between survival curves of the 2 groups were assessed with both Wilcoxon and log-rank tests. Cumulative percentages were obtained from survival curves at 6 months and annually for up to 6 years of follow-up. P Ͻ.05 was defined as statistically significant. All statistical analyses were performed using SAS statistical software, version 9.1.3 (SAS Institute, Cary, North Carolina).
RESULTS

BASELINE CHARACTERISTICS
We evaluated 124 rosiglitazone-treated patients and 158 control patients with a mean follow-up period of 2.7 and 2.9 years, respectively. Baseline characteristics were well matched ( baseline systolic and diastolic blood pressures and mean visual acuity (20/25 in each group) were also similar. Because of medical record policies in effect during the study period, information about ethnicity was available for only 72 patients (58.1%) in the rosiglitazone group and 107 in the control group (67.7%). The percentages of white patients in the 2 groups (rosiglitazone, 84.7%; and control, 73.8%) were not statistically different (P=.08), and the distribution of nonwhite ethnicities was not assessed.
SYSTEMIC FACTORS
Glycemic control, as measured by the last available HbA 1c value, improved comparably in both groups by the end of the study (rosiglitazone,7.6%; and control,7.8%; P=.10) ( Table 1) . Known adverse effects of rosiglitazone, including pedal edema, anemia, abnormal liver function tests, and congestive heart failure, were more frequent in the rosiglitazone group, but none of these differences were statistically significant.
A variety of factors that might affect DR progression or angiogenesis were also assessed (Table 1) . Duration was often unavailable for these factors, and thus the analysis was not adjusted for follow-up time. Body mass index (BMI) data (calculated as weight in kilograms divided by height in meters squared) were available for 89.5% of patients in the rosiglitazone group and 90.5% of control patients. The mean BMI of the rosiglitazone group was 2.9 higher than that of the control group (P=.001). Compared with control patients, patients in the rosiglitazone group had less microalbuminuria (52.4% vs 67.7%; P=.009), proteinuria (25.0% vs 38.0%; P=.02), angiotensin-converting enzyme inhibitor or angiotensin receptor blocker use (82.3% vs 96.2%; PϽ.001), other antihypertensive drug use (87.9% vs 96.2%; P = .008), and insulin use (37.9% vs 67.7%; PϽ.001). Blood pressures were equivalent at the end of the study. Other angiogenesis-related factors, such as presence of primary or metastatic malignant neoplasms, and celecoxib use were also equivalent.
PROGRESSION TO PDR
Distribution of baseline NPDR severity is shown in Table 2 . Severe NPDR was found in 14 eyes (6.4%) in the rosiglitazone group and in 24 eyes (9.3%) in the control group at baseline. Progression to PDR by severity of NPDR at baseline is shown in Figure 1 . Within 1 year, PDR developed in 7.7% and 29.2% of the rosiglitazone and control groups, respectively ( Figure 1A) . At 3 years' follow-up, PDR was found in 19.2% and 47.4% of patients, respectively, representing a 59.5% relative risk reduction in the rosiglitazone group. When accounting for lost to follow-up and follow-up duration, this difference was statistically significant by the Wilcoxon method (P = .045) and neared significance by log-rank method (P = .059). In patients with moderate or mild NPDR at baseline ( Figure 1B and C) , no significant differences were observed over 3 years. None of the patients without DR at baseline developed PDR during the study. The number of eyes in each group at each follow-up time is indicated in Figure 1 and Figure 2 .
If the antiangiogenic actions of rosiglitazone predominantly accounted for the delayed onset of PDR, then prevention of the severe NPDR to PDR transition would be expected, rather than a reduction of NPDR progression. Thus, we evaluated progression to PDR in patients with moderate NPDR at baseline who subsequently developed severe NPDR during follow-up ( Figure 1D ). In this subgroup, 3 years after the diagnosis of severe NPDR, 11.1% of patients in the rosiglitazone group and 31.8% in the control group developed PDR, representing a 65.1% relative risk reduction (Wilcoxon, P = .12; log-rank, P = .17). Rosiglitazone dosing regimens (4 mg/d, 4 mg twice a day, and 8 mg/d) were also evaluated for PDR prevention; however, with small patient numbers for individual regimens and changing dosage regimens during the study, no statistically significant differences were noted.
VISUAL ACUITY, OCULAR THERAPEUTIC INTERVENTION, AND MACULAR EDEMA
As shown in Table 2 , fewer eyes in the rosiglitazone group experienced visual acuity loss of 3 or more lines compared with the control group, regardless of baseline NPDR severity. This difference reached statistical significance overall (Wilcoxon, P=.03; log-rank, P=.03). In eyes without PDR at baseline, fewer eyes in the rosiglitazone group received scatter (panretinal) photocoagulation compared with the control group, but this difference was not statistically significant (rosiglitazone: 9 of 219 glitazone group and 28 eyes in the control group had PDR, and no statistical difference was observed regarding need for additional PRP (each 100%), need for vitrectomy, or development of traction retinal detachment. Rosiglitazone had been reported to be possibly associated with development of DME. 24, 25 In our study, rosiglitazone was not associated with an increased incidence of CSME in patients without macular edema at baseline (Wilcoxon, P=.28; log-rank, P=.22) (Figure 2A) , nor in patients with milder DME at baseline (Wilcoxon, P = .29; log-rank, P = .58) ( Figure 2B ). In the rosiglitazone group, patients with pedal edema were not more likely to develop CSME (10.5% at 3 years' follow-up) ( Figure 2C ) than patients without pedal edema (17.9% at 3 years' follow-up) (Wilcoxon, P=.54; log-rank, P=.10). Overall, slightly fewer eyes in the rosiglitazone group received focal/grid laser treatment for macular edema compared with the control group, but this difference was not statistically significant (rosiglitazone: 26 
COMMENT
Rosiglitazone is an orally administered PPAR-␥ agonist that acts as an insulin sensitizer and is commonly prescribed to control hyperglycemia in patients with diabetes. [14] [15] [16] [17] Large randomized trials demonstrated that rosiglitazone lowers HbA 1c values by 1.2% in patients with a baseline value of 7.5% or greater. 26 Rosiglitazone has also been shown to have antiangiogenic properties in laboratory studies. 18, 21 In this study, we present 3-year follow-up data suggesting that patients with type 2 diabetes who are treated with rosiglitazone may have delayed onset of PDR and less loss of visual acuity. To our knowledge, this is the first study to show evidence of rosiglitazone-mediated antiangiogenesis in humans.
A previous study 21 demonstrated that rosiglitazone mediates antiangiogenesis through PPAR-␥ activation in endothelial cells, resulting in direct inhibition of endothelial cell proliferation. Rosiglitazone also causes endothelial cell apoptosis via PPAR-␥ and maxi-K channels, 27 lowers vascular endothelial growth factor expression, inhibits vascular endothelial growth factor receptors, and increases matrix metalloproteinase inhibitor activity. 21, 28 These various mechanisms are likely of biological importance because the antiangiogenic effect of rosiglitazone has been confirmed in animal models 19, 21 and is suggested in this study of humans.
In this study, progression rates to PDR in the control group were consistent with previous reports. 29 The delayed onset of PDR observed with rosiglitazone treatment is unlikely to be a result of altered blood glucose concentrations because both groups had similar initial and final HbA 1c values. Insulin use was higher in the control group as expected, since rosiglitazone has been shown to reduce insulin requirement in patients with type 2 diabetes mellitus. 30 Although well matched for key baseline characteristics relevant to the progression of DR, including diabetes type, diabetes duration, HbA 1c value, blood pressure, and visual acuity, the retrospective nature of the study resulted in some pertinent group differences. 31 On average, the rosiglitazone group had a higher BMI, better renal function, and less use of antihypertensive medications. Adverse effects of rosiglitazone, including weight gain and pedal edema, may account for the increased BMI in this group. 32 However, without pretreatment BMI data, a direct association cannot be ascertained. The higher mean BMI in the rosiglitazone group is unlikely to account for the observed retinopathy benefit because higher BMI is associated with worsening of retinopathy. 33, 34 Rosiglitazone use is associated with improved renal function 35 and antihypertensive effects, 35, 36 as was observed in our patient groups. Microalbuminuria may be associated with increased risk of PDR in patients with diabetes. 34, 37 An increased risk of retinopathy progression is associated with elevated blood pressure but not with antihypertensive therapy. 7, 38 In our study, both systolic and diastolic blood pressures were well matched between groups during the follow-up period.
Patients treated with rosiglitazone experienced less loss of visual acuity than control patients after 5 years, an effect present regardless of baseline NPDR severity (Wilcoxon and log-rank tests: P = .03) ( Table 2) . Thus, not all the visual benefit of rosiglitazone may be attributable to prevention of PDR. Determining the reproducibility, mechanism, and magnitude of this effect will require larger prospective studies.
No significant increase in the development of CSME was observed in the rosiglitazone group despite a few reports suggesting that rosiglitazone may induce or exacerbate macular edema in patients with diabetes. 24, 25 Protein kinase C-␤ activation is postulated as an underlying mechanism. 39 However, a large ongoing prospective clinical trial (Action to Control Cardiovascular Risk in Diabetes) evaluated 3468 participants with diabetes (6865 eyes) and did not find an increased risk of CSME associated with rosiglitazone (oral communication, Emily Chew, MD, National Eye Institute, May 2006).
Our study has limitations inherent to its retrospective design and limited patient numbers. Patient numbers are limited by the prevalence of rosiglitazone therapy Figure 2 . Effect of rosiglitazone on the development of clinically significant macular edema (CSME). A and B, Kaplan-Meier survival curves showing cumulative percentage progression to CSME in patients treated with rosiglitazone (RSG), who had no macular edema (ME) at baseline (A) or ME but no CSME before treatment (B). C, Patients in the RSG group with pedal edema (PE) and without PE. Number of eyes in each group with more than 1 follow-up visit (year 0) and at the beginning of each follow-up interval is indicated below the x-axis. A, Wilcoxon, P = .28; log-rank, P = .22. B, Wilcoxon, P = .27; log-rank, P = .58. C, Wilcoxon, P = .54; log-rank, P=.10.
(REPRINTED) ARCH OPHTHALMOL / VOL 126 (NO. 6), JUNE 2008 WWW.ARCHOPHTHALMOL.COM 797 in 2003 and the need for medical and ophthalmologic follow-up at the same institution to maximize accurate medical and ocular characterization. Accurate treatment initiation dates of rosiglitazone were not available in some patients who were already receiving therapy before their first visit at Joslin. The relatively small sample size limited study power, particularly with fewer patients completing more than 3 years of follow-up. The usual caveats pertinent to retrospective studies with regard to variability of clinical data recording and collection may also influence the outcome. However, these effects were minimized because of the unique academic setting at the BEI and Joslin: most clinical findings were recorded in standardized electronic medical record templates; visual acuity examiners, refractionists, and visual examination rooms were certified for clinical trials; and BEI staff recorded the severity of retinopathy according to the ETDRS clinical retinopathy grading protocol. Collection of all data was performed using standardized forms. Despite study design limitations, these data provide initial evidence for a possible antiangiogenic effect of rosiglitazone in patients with diabetes. Larger, prospective clinical trials are needed to confirm the role of rosiglitazone in preventing PDR.
Adverse effects of rosiglitazone include peripheral edema (5%-10% of patients), abnormal liver function tests (Ͻ1%), and worsening congestive heart failure (Ͻ1%). 40, 41 Mild anemia and dose-dependent weight gain of 0.5 to 3.7 kg have been reported. 32, 42 In 1999, rosiglitazone was approved by the US Food and Drug Administration 43 and, in 2001, more than 8 million prescriptions were dispensed. 44 Recently, the safety of rosiglitazone therapy has been questioned in a meta-analysis of 42 of 116 potentially relevant studies, which found that the odds ratio was 1.43 (P = .03) for myocardial infarction and 1.64 (P = .06) for death from cardiovascular causes in patients treated with rosiglitazone. 45 An accompanying editorial identified several study design factors to be considered when assessing these data. 46 A more recent report found that rosiglitazone was not associated with an increase in death from either cardiovascular causes or all causes. However, rosiglitazone was associated with an increased risk of heart failure and the data were insufficient to determine whether there was an associated increase in the risk of myocardial infarction. 47 Additional studies are under way to address the safety issues of this medication in definitive ways.
In light of the recent safety data, careful risk assessment and patient selection will be important for any future studies. However, the potential benefit of rosiglitazone in reducing retinopathy progression and maintaining visual acuity could significantly reduce personal and societal burdens and should be considered if risks can be appropriately managed. In addition, rosiglitazonemediated antiangiogenesis may have a role beyond the realm of DR, as glitazone treatment has been well tolerated in patients without diabetes in clinical trials. 48, 49 Thus, rosiglitazone may benefit other pathologic angiogenic conditions such as age-related macular degeneration and certain types of cancer.
In conclusion, this study of 282 patients with diabetes with a mean follow-up time of 2.8 years suggests that orally administered rosiglitazone may delay the onset of PDR in patients with severe NPDR at baseline. Rosiglitazone treatment may also be associated with less loss of visual acuity. However, because this study does not rigorously prove that rosiglitazone either reduces the incidence of PDR or prevents loss of visual acuity, and because there may be adverse effects from therapy, rosiglitazone treatment of patients with diabetes specifically to reduce these ophthalmic complications is not advocated at this time. Determination of the full efficacy and clinical role of rosiglitazone in the treatment of PDR and other angiogenic conditions awaits confirmation of risks and benefits and possibly large-scale definitive studies. 
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